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(57) ABSTRACT

A photodiode structure (300) includes a first plurality of
co-located light band detectors that generate analog detector
signals, a first multiplexing circuit (440) coupled to the first
plurality of analog detector signals, which sequentially
generates each of the first plurality of analog detector signals
at a first multiplexed output (444), a second multiplexing
circuit (445) coupled to a first plurality of reference signals,
which sequentially generates at a second multiplexed output
(449) each of the first plurality of reference signals in
synchronism with the first multiplexed output (444); and a
single digital pixel sensor circuit (315) having inputs
coupled to the first and second multiplexed outputs, which
sequentially generates a series of digital outputs based on the
first and second multiplexed outputs (444. 449).

13 Claims, 3 Drawing Sheets
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MULTICOLOR LIGHT SENSING PIXEL
STRUCTURE

This application is related to applications entitled “Digital
Double Sampling in Time Integrating Pixel Sensors” U.S.
Ser. No. 10/012,988 filed on Dec. 10, 2001, “Digital Pixel
Image Sensor with Independent Color Channel Reference
Signals” U.S. Ser. No. 10/124,381 filed on Apr. 17, 2002,
and application entitled “Time Integrating Pixel Sensor”
U.S. Ser. No. 10/102,947 filed on Dec. 10, 2001, assigned to
the assignee of the instant application.

BACKGROUND OF THE INVENTION

CMOS based image sensors have become an active area
of development because they, unlike CCD sensors, are made
with process steps that are compatible with those used to
make standard CMOS digital integrated circuits. An expec-
tation has evolved that ultimately, CMOS based image
sensors will be more cost effective than CCD based image
sensors because they can be produced on one integrated
circuit using economical CMOS based processes.

There are several characteristics of importance for image
sensors. Among these are power consumption, fill factor,
dynamic range, noise, and uniformity. Fill factor is the
percentage of the resulting imaging device that is used for
detecting light.

Several investigations of CMOS based image sensors
have been conducted to improve some of these characteris-
tics for monochrome or full color imaging devices. One of
these is described in U.S. Pat. No. 5,461,425 to Fowler et al.,
in which the analog signal from each pixel in an array area
is converted by digital circuitry at each pixel to serial bit
streams. These serial data streams are analyzed by a central
processing circuitry of the array by counting the bits of one
state to obtain an approximation of the original analog value.
This improvement helps noise and dynamic range by con-
verting the small charges from the photodiode junction to
digital information at each pixel. Another investigation is
described in an article published in a record of the IEEE
Custom Integrated Circuits Conference of 1996 entitled “A
128%128 Pixel CMOS Area Image Sensor with Multiplexed
Pixel Level A/D Conversion” by Yang et al. that describes
multiplexing monochrome pixels in groups of 4 to improve
noise and dynamic range.

Investigations into those aspects of image sensor design
that are unique to color imaging are also ongoing. One of
these is described in U.S. Pat. No. 5,965,875 to Merrill, in
which a triple-well structure is described that co-locates the
sensors for three color bands (red, green, blue) essentially on
top of each other. This directly affects the fill factor by
reducing the area needed to capture light in different color
bands compared to a conventional side by side arrangement
for color imagers.

What is still needed is a comprehensive cost effective
solution for a color imaging integrated circuit.

BRIEF DESCRIPTION OF THE DRAWINGS

The present invention is illustrated by way of example
and not limitation in the accompanying figures, in which like
references indicate similar elements, and in which:

FIG. 1 is a plan view showing a prior art multicolor
pixilated image sensor representative of many prior art
imaging devices that are integrated on one substrate;

FIG. 2 is a plan view of one of the multicolor light sensing
pixels of the prior art image sensor shown in FIG. 1;
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FIG. 3 is a plan view of a multicolor light sensing pixel
structure, in accordance with the preferred embodiment of
the present invention;

FIG. 4 is an electrical schematic and block diagram of the
multicolor light sensing pixel structure, in accordance with
the preferred embodiment of the present invention;

FIG. 5 is a graph of voltage versus time intervals, in
accordance with an example of how the multicolor light
sensing pixel structure of FIG. 4 can use interleaved binary
values to quantify the amount of energy detected by each
co-located light band detector of the multicolor light sensing
pixel structure.

Skilled artisans will appreciate that elements in the figures
are illustrated for simplicity and clarity and have not nec-
essarily been drawn to scale. For example, the dimensions of
some of the elements in the figures may be exaggerated
relative to other elements to help to improve understanding
of embodiments of the present invention.

DETAILED DESCRIPTION OF THE DRAWINGS

Before describing in detail the particular image sensor
technique in accordance with the present invention, it should
be observed that the present invention resides primarily in
combinations of apparatus components related to the image
sensor technique. Accordingly, the apparatus components
have been represented where appropriate by conventional
symbols in the drawings, showing only those specific details
that are pertinent to understanding the present invention so
as not to obscure the disclosure with details that will be
readily apparent to those of ordinary skill in the art having
the benefit of the description herein.

Referring to FIG. 1, a plan view shows a prior art
multicolor pixilated image sensor 100 representative of
many prior art imaging devices that are integrated on one
substrate. The image sensor 100 comprises a pixel array area
102 and control circuit areas 110, 115. The pixel array area
102 comprises a plurality of multicolor pixels 105 that are
electrically coupled to the control circuits located in the
control circuit areas 110, 115.

Referring to FIG. 2, a plan view of one of the multicolor
light sensing pixels 105 of the prior art image sensor 100 is
shown. The multicolor pixel 105 comprises three mono-
chrome photosensors 210, 220, 230, each of which is
designed to detect light within a range of wavelengths, also
called a band, that are identified as being associated with one
of the visible colors blue, green and red. For example, the
photosensor 210 is a blue photosensor, the photosensor 220
is a green photosensor, and the photosensor 230 is a red
photosensor. Associated with each photosensor 210, 220,
230 is a digital pixel sensor (DPS) circuit 205, 215, 225 that
performs a conversion of an analog electrical signal to a
digital electrical signal, called the pixel output signal. The
DPS circuits 205, 215, 225 are typically identical or very
similar to each other. An example of such DPS circuits 205,
215, 225 is described in U.S. Pat. No. 5,461,425 issued to
Fowler et al. on Oct. 24, 1995. The pixel output signal that
is generated is coupled to the control circuits in the control
circuit areas 110, 115 by column/row matrix addressing that
may be of conventional or unique design. The control
circuits then process all the pixel output signals to generate
a frame image, in a manner that may be conventional or
unique.

Referring to FIG. 3, a plan view of a multicolor light
sensing pixel structure 300 is shown, in accordance with the
preferred embodiment of the present invention. The multi-
color light sensing pixel structure 300 comprises a photo-
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diode structure 305, a multiplexing circuit section 310, and
a digital pixel sensor circuit 315.

The photodiode structure 305 comprises a plurality of
co-located light band detectors. In accordance with the
preferred embodiment of the present invention, the plurality
of co-located light band detectors are provided by a multi-
well structure for detecting three light bands, as described in
U.S. Pat. No. 5,965,875 issued to Richard Merrill on Oct. 12,
1999. In accordance with the present invention, “co-located
light band detectors” means that the technology used for
multicolor detection uses a sensing area (such as the area
occupied by the photodiode structure 305 shown in FIG. 3)
and generates a quantity of analog signals that is the same as
the quantity of colors detected, wherein each color is sensed
by an active portion of the sensing area that is substantially
more than the fraction of the sensing area represented by the
inverse of the quantity of multicolors. For example, in a
tri-color photodiode structure according to the present
invention, the active portion of each light band detector is
substantially more than one-third of the sensing area. It will
be appreciated that the present invention will provide the
same benefits using co-located light band detectors other
than that described in U.S. Pat. No. 5,965,875. It will be
further appreciated that the present invention will provide
very similar benefits when the number of colors is other than
three; for example two or four.

Referring to FIG. 4, an electrical schematic and block
diagram of the multicolor light sensing pixel structure 300 is
shown, in accordance with the preferred embodiment of the
present invention. The photodiode structure 305 comprises
three photodiodes; a blue photodiode 405, a green photo-
diode 410, and a red photodiode 415 and three photodiode
reset transistors: a blue photodiode reset transistor 406, a
green photodiode reset transistor 411, and a red photodiode
reset transistor 416. The photodiodes 405, 410, 415 are
substantially responsive to light that is within the color band
that correspond to their respective names, and substantially
non-responsive to light in other color bands. The three
photodiodes 405, 410, 415 are coupled in series. A cathode
of the blue photodiode 405 is coupled to a first color output
407 and to an output terminal 408 of the blue photodiode
reset transistor 406. The anode of the blue photodiode 405
is coupled to an anode of a green photodiode 410, to a
second color output 412, and to an output terminal 413 of the
green reset transistor 411. The cathode of the green photo-
diode 410 is coupled to a cathode of a red photodiode 415,
to a third color output 417, and to an output terminal 418 of
the red reset transistor 416. A first fixed reference voltage,
V 4 1s coupled to a supply terminal 420 of the blue reset
transistors 406 and to a supply terminal 430 of the red reset
transistor 416. The fixed reference voltage V ,, is positive
with reference to a second fixed reference voltage, Vg, that
is coupled to an anode of the red photodiode 415. A third
reference voltage, V,, ., that has a value that is between the
first and second fixed reference voltages is coupled to a
supply terminal 425 of the green reset transistor 411. A reset
signal, that is digital in nature, is coupled to a reset input 414
of the green reset transistor 411. The inverse of the reset
signal is coupled to a reset input 409 of the blue reset
transistor 406 and a reset input 419 of the red reset transistor
416.

When the reset signal is asserted (the voltage is a digital
“high” voltage), the diodes are all reversed biased; the blue
diode is biased with V,,,—V,,; volts, the green diode is
biased with V,,,—V ,, volt, and the red diode is biased with
Vs Vpias Volts. When the reset signal is unasserted, light
energy causes current to flow into the respective anodes of
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the blue, green and red photodiodes 405, 410, 415 causing
the voltage at the cathodes of the photodiodes 405, 410, 415
to decrease with reference to the voltage at the anodes
(alternatively called the reverse bias voltage potential or the
reverse voltage across the photodiode). The decrease of the
reverse voltage across a particular photodiode 405, 410, 415
occurs at a rate largely determined by the intensity (power)
of light within the color band of the light impinging upon the
active portion of the sensing area of the corresponding
photodiode 405, 410, 415, the sensitivity of the correspond-
ing active region, and the junction capacitance of the cor-
responding photodiode 405, 410, 415—up to a point where
the corresponding photodiode becomes forward biased.
Thus the voltages at the color outputs 407, 412, 417 are
analog electrical output signals, also called analog detector
signals, that can be used to determine the energy of the light
within each of the three light bands that is detected by the
active portion of the each of the sensing areas of the
photodiodes 405, 410, 415 after a reset command has been
generated. The determination of the amount of energy
detected by an active portion of one of the photodiodes 405,
410, 415 requires, in each instance, determining the reverse
voltage from the difference of two signals. For the blue
photodiode 405, the reverse voltage is determined by the
difference of the first color output 407 and the second color
output 412. For the green photodiode 410, the reverse
voltage is determined by the difference of the third color
output 417 and the second color output 412. For the red
photodiode 415, the reverse voltage is determined by the
difference of the third color output 417 and V..

The photodiodes 405, 410, 415 may be fabricated in the
multi-well structure for detecting three light bands as
described in U.S. Pat. No. 5,965,875, or may be fabricated
using another co-located light band detector technology.

A blue co-located light band detector comprises the blue
photodiode 405 and the blue photodiode reset transistor 406.
Analogous statements can be made for the other photodiodes
410, 415 and photodiode reset transistors 411, 416. The
co-located light band detectors may thus be described as
co-located light band detectors that generate analog detector
signals that can be used to determine an amount of energy
detected by each of the co-located light band detector since
the photodiode structure has been reset by a reset command.
It will be appreciated that the photodiode reset transistors
406, 411, 416 may be physically implemented within the
area of the photodiode structure 305 shown in FIG. 3, but
alternatively may be physically implemented within the area
of the multiplexing circuit section 310 shown in FIG. 3.

Referring again to FIG. 4, the multiplexing circuit section
310 comprises a first multiplexer 440 and a second multi-
plexer 445, in accordance with the preferred embodiment of
the present invention. The first multiplexer 440 has three
analog inputs 441, 442, 443, one control input 471, and a
first multiplexed output 444. The three analog inputs 441,
442, 443 are coupled, respectively to the first, second and
third color outputs 407, 412, 417 of the photodiode structure
305. The control input 471 is coupled to a control and
processing circuit 480, which is physically located in areas
analogous to the areas 110, 115 of the image sensor 100
described with reference to FIG. 1. The control and pro-
cessing circuit 480 generates a two bit control signal coupled
to the control input 471. The value of the two bit control
signal selects one of the three analog detector signals
coupled to the analog inputs 441, 442, 443 and generates at
the first multiplexed output 444 the selected analog detector
signal, without substantial change. The second multiplexer
445 has three analog inputs 446, 447, 448, one digital
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control input 472, and a second multiplexed output 449. The
three analog inputs 446, 447, 448 are coupled, respectively,
to time varying reference voltages, V,, B(Ts), V, G(Ty),
V,.R(Tg). The time varying reference voltages are identified
as being functions of T,, which are time intervals that are
described below. The control and processing circuit 480
generates a two bit control signal coupled to the control
input 472. The value of the two bit control signal selects one
of the three reference voltages, V, B(T), V, G(Tg). VR
(Ts), coupled to the analog inputs 446, 447, 448 and
generates at the second multiplexed output 449 the selected
reference voltage, without substantial change. The first and
second multiplexers 440, 445 are circuits that may be of
conventional or unique design. The control and processing
circuit 480 can be implemented as an application specific
circuit portion of the image sensor or a program controlled
processing circuit, such as a microcontroller with program
instructions stored in non-volatile memory and random
access memory, or a combination thereof, with appropriate
digital to analog conversion output circuits for generating
the time varying reference voltages.

The digital pixel sensor circuit 315 comprises a compara-
tor 450 and pixel memory 455. A first input 451 of the
comparator 450 is coupled to the analog output 444 of the
first multiplexer 440. A second input 452 of the comparator
450 is coupled to the analog output 449 of the second
multiplexer 445. A signal is generated at an output 453 of the
comparator 450 that has a binary value based on a compari-
son of the value of the first multiplexed output 444 to the
second multiplexed output 449. For example, the signal at
the output 453 assumes a first binary state when the value of
the first input 451 is greater than or equal to the value of the
second input 452, and assumes a second binary state other-
wise. The comparator 450 is a circuit that may be of
conventional or unique design. The output 453 of the
comparator 450 is coupled to a data input 456 of a pixel
memory 455, which also has a control input 458 coupled to
the control and processing circuit 480. A pixel data output
473 of the pixel memory 455 is coupled to the control and
processing circuit 480.

In an alternative embodiment of the present invention, the
single digital pixel sensor circuit does not include the pixel
memory 455; the output 453 of the comparator 450 is instead
coupled to the control and processing circuit 480 in which
there is located an array pixel memory.

In accordance with both the preferred and alternative
embodiments, the control and processing circuit 480 gener-
ate the two bit control signals coupled to the first and second
multiplexers 440, 445 such that each of the analog detector
signals of the photodiode structure 305 is sequentially
selected at the first multiplexed while a corresponding
reference voltage is synchronously and sequentially selected
at the second multiplexed output, resulting in a signal at the
output 453 of the comparator 450 that is a sequence of
binary states. The sequence comprises a plurality of sub-
intervals during each time interval, T, that occurs in a cycle
that consists of a plurality of N time intervals, T, S=1 to N,
that occur between each two subsequent reset commands.
During each time interval, T, the analog detector signal at
each ofthe color outputs 407, 412, 417 is selected by the first
multiplexer 440 at least once. In accordance with the pre-
ferred embodiment, each analog detector signal is selected
only once during each time interval and is selected for an
equivalent sub-interval duration, but alternative embodi-
ments may select one or more of the signals more than once.
Selection more than once could be appropriate to compen-
sate for differing color band detector sensitivities if equiva-
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lent sub-interval durations are used, or, in another example,
differing sub-interval durations could be used to compensate
for differing color band sensitivities. Thus, the first and
second multiplexed outputs 444, 449 are comprise two
sequences; one being values related to the analog signals of
the color outputs 407, 412, 417 that are interleaved with
reference to each other, and the other being reference
voltages, V, B(Ty), V, G(Ty), V, R(Ts), that are inter-
leaved with reference to each other; and the comparator
output 453 is a sequence of interleaved binary values
determined by the comparison of the two sequences.

The control and processing circuit 480 digitally generates
the reference voltages, V,, B(Tg), V,,G(Tg), V, R(Ts), such
that they are time varying. However, in accordance with the
preferred embodiment of the present invention, they are held
constant during each interval T, in which the analog detec-
tor signals are each selected. Hence, the reference voltages
have been notated as V, X(Ty), wherein S identifies the
ordinal number of the time interval after the most recent
reset command and X is a color identifier. Preferably, the
time intervals are equivalent and each of the plurality of
analog output signals are each selected once per time
interval Tg, but other duration relationships could be used in
alternative embodiments in accordance with the present
invention.

It will be appreciated that because the rate of decrease of
the reverse voltage across each photodiode 405, 410, 415 is
related to the intensity of light within the band detected by
the photodiode, the intensity can be determined by estimat-
ing the rate of decrease of the reverse voltage. In accordance
with the preferred embodiment of the present invention, the
time intervals are short enough that the intensity can be
considered constant during each time interval, and the rate
of decrease can thus be related to determining a slope of a
plot of the reverse voltage versus time that is essentially
linear. The slope is determined by using the comparator 450
to make a comparison that is effectively a comparison of the
value of the reverse voltage across each photodiode to a
corresponding test voltage value that is held constant for a
significant portion of a cycle. Because the reverse voltage
across a photodiode can be determined by subtracting an
estimate of the voltage at the anode of the photodiode from
the current value of the analog detector signal at the cathode
of the photodiode, comparison of the reverse voltage across
a photodiode to a test voltage can be accomplished by
comparing the analog detector signal at the cathode to a sum
of the test voltage plus an estimate of the voltage at the
anode. As an example, the reverse voltage of the blue
photodiode matches a test voltage V, when V,,.(To)—
estimated V,;,(Tg)=V . The notation V,, refers to the
voltage on the respective color output 4XX. This is equiva-
lent to V(T s)=estimated V,,,(T5)+V ;. Accordingly, dur-
ing a cycle between two reset commands, the control and
processing circuit 480 generates V, B(T) to be the test
voltage V,, plus a best estimate of V, ,(Ty). The best
estimate of V,,,(Ts) used by the control and processing
circuit 480 is preferably the value of V,,,, determined from
the most recently completed cycle of time intervals, but it
could be alternatively derived by a long term averaging or
other estimation techniques. An analogous situation exists
for the green photodiode, for which V, G(Ty) is set to be a
sum of a test voltage V, plus a best estimate of V,,(Ty).
However, for the red photodiode, V,, R(T) is set to be a sum
of a test voltage V, plus Vg The reference voltages,
V,.B(Ts), V, G(Ty), V, R(Tg), can also be uniquely further
adjusted from cycle to cycle to achieve a white balance
under differing ambient lighting conditions, which can
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relieve the control and processing circuit 480 of substantial
computations, by adding in appropriate white balance volt-
age offsets, Vzyz, Vapg, and V2. Stated differently, the
control and processing circuit 480 generates at least one of
the plurality of reference signals during each time interval
with a value that is an additive combination of at least one
of 1) an estimation of a current value of another one of the
first plurality of analog detector signals, 2) a test value, and
3) a white balance adjustment value.

In accordance with the preferred embodiment of the
present invention, the single pixel memory 455 is controlled
by the control and processing circuit 480 to store the
sequential binary values of the output 453 of the comparator
450 as sets of digital values once for each cycle. The sets of
digital output values are transferred from the output 473 of
the pixel memory 455 to the control and processing circuit
480 upon a command generated by the control and process-
ing circuit 480 just before each reset command is generated.
The control and processing circuit 480 uses the sets of digital
values to quantify the amount of energy detected by each
co-located light band detector.

Referring to FIG. 5, a graph of voltage versus time
intervals is shown, in accordance with an example of how
the control and processing circuit 480 can use the inter-
leaved binary values generated at the output 453 of the
comparator 450, and from them quantify the amount of
energy detected by each co-located light band detector. In
this technique, the test voltage portions of the reference
voltages V, B(T3,), V,.,G(Ts,), V, . R(Tx,) are set to a high
voltage during a first portion of the duration between two
reset commands and then changed to a substantially lower
voltage after a predetermined total number of time intervals
that is less than the total number of time intervals between
reset commands. The graph of FIG. 5 shows an example of
the operation of this technique as it pertains to one of the
three co-located light band detectors—a blue light detector.
Marked on the right vertical axis are the low and high values
of the test voltages used for determining the energy detected
by the blue co-located light detector, V., B-LOW and
V,..B-HIGH. As shown by plot 515, the reference voltage,
Vo5 18 at V,, B-HIGH for time intervals T, through T4 and
is changed to V,_, B-LOW for time intervals T, through
T, ¢s. Although the time intervals are shown in this example
as being uniform, they may in some embodiments be non-
uniform, such as having durations that increase approxi-
mately logarithmically. The durations of the time intervals
must therefore be pre-determined (but not necessarily uni-
form), so that an identified time interval or count of time
intervals can be related to a total duration from the last reset
command. The left vertical axis in FIG. 5 is used to indicate
the voltage of the analog detector signal for the blue co-
located light detector (hereafter called the blue output sig-
nal) during the time between two reset commands. An
example of the variation of the blue output signal is shown
as plot 505. The plot 505 starts at a voltage labeled Vg,
which is approximately V-V, - (described with reference
to FIG. 4). The plot 505 shows the approximate variation of
the blue output signal for a condition in which the intensity
of the blue light upon the blue co-located light detector is
constant during the time between reset commands. When the
light is of the intensity that generates plot 505, the control
and processing circuit 480 will, for example, determine that
the number of time intervals (a first number of intervals)
after which the blue output voltage matches V, ., B-HIGH,
at point 511, is 47, and determines that the number of time
intervals (a second number of intervals) after which the blue
output voltage matches V, , B-LOW, at point 512, is 155.

test
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From these two measurements, the control and processing
circuit 480 can make a more accurate estimate of the blue
light intensity, which is related to the slope of the plot 505,
than from just one measurement. When the reference volt-
age, V,.,, is changed from the high value to the low value
at the same time after every reset, then for many values of
light intensity, the state of the binary signal of the output 453
of the comparator 450 will change from a first state to a
second state twice for each of the analog detector signals. A
digital set of values could be simply a binary set that has, in
this instance, a set of zeroes identifying the number of
intervals from the reset command to the first change of state
of the comparator output 453, followed by a set of ones
identifying the number of intervals from the first to the
second change of state of the comparator output 453, fol-
lowed by a set of zeroes up so that the total length equals the
maximum number of intervals, 185. In this example, there
would be 46 zeroes followed by 108 ones followed by 31
zeroes. In a preferred variation of this example, two counters
are included in the digital pixel sensor circuit 315, and two
counter values are stored rather than a long string of bits.
The first counter stores a count of the quantity of intervals
at which the first change of state of the comparator output
453 occurs (in this example, 47), and the second counter
stores a count of the quantity of intervals at which the second
change of state of the comparator output 453 occurs (in this
example, 155). Thus, a set of digital values that quantify the
light intensity of one of the co-located light band detectors
comprises two digital values that are stored in two counters.
This preferred variation is called digital double sampling,
and for the example described, digital double sampling
substantially reduces the number of bits stored in compari-
son to the version in which a string of 185 bits are stored. By
measuring two interceptions of the reverse voltage and a test
voltage, the rate of decrease of the reverse voltage can be
estimated more accurately, resulting in a more accurate
determination of the light intensity.

It will be appreciated that for a particular choice of values
of the reference voltages. V, ., B-LOW and V,, B-HIGH,
light intensities (within a determinable range) will result in
two matches of the output signal to the reference voltage.
V__B-LOWand V,,B-HIGH can be chosen to optimize the
acecsuracy of the light intensity estimation for those values of
light intensity at which the estimate would otherwise be
poorest by using only one reference voltage. It will be
further appreciated that the two counters described above
with reference to the digital double sampling could be
alternatively included within an array memory of the single
digital pixel sensor.

The example described above can be generalized for a
first plurality of photosensors (that is not necessarily three),
and for a second plurality of time intervals (that is not
necessarily 185), and for a third plurality of test voltages for
each photosensor (that is not necessarily two), as follows:

A multicolor light sensing pixel structure comprises a
photodiode structure, a first multiplexing circuit, a second
multiplexing circuit, and single digital pixel sensor. The
photodiode structure comprises a first plurality of co-located
light band detectors that generate a first plurality of analog
detector signals. An amount of energy detected by each of
the first plurality of co-located light band detectors since the
photodiode structure has been reset by a reset command can
be determined from the first plurality of analog detector
signals. The first multiplexing circuit is coupled to the first
plurality of analog detector signals of the photodiode struc-
ture, and sequentially generates each of the first plurality of
analog detector signals at a first multiplexed output during
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each cycle. A cycle comprises a second plurality of time
intervals that occur between two reset commands. A second
multiplexing circuit is coupled to a first plurality of refer-
ence signals, and sequentially generates at a second multi-
plexed output each of the first plurality of reference signals
in synchronism with the first multiplexed output. The single
digital pixel sensor circuit has inputs coupled to the first and
second multiplexed outputs, and sequentially generates for
each cycle a series of digital outputs based on the first and
second multiplexed outputs.

The single digital pixel sensor circuit comprises a com-
parator and a third plurality of digital counters. The series of
digital outputs of the single digital pixel sensor circuit
comprises interleaved sets of binary values generated by the
comparator based on a comparison of the value of the first
multiplexed output to second multiplexed output. Each
interleaved set of binary values is a sequence of the binary
values generated by the comparator during one cycle for one
of the first plurality of co-located light band detectors. Each
of'the third plurality of counters generates a digital value that
is a count of time intervals between a reset command and a
change of state of the binary values in an interleaved set of
binary values.

Other techniques for quantifying the energy detected
between reset commands can be used with the flexible and
very compact implementation of the photodiode structure of
the present invention. For example, the two reference volt-
age levels used between two reset commands can be varied
based on estimated light intensities measured between pre-
vious reset commands to further optimize the estimation of
light intensity (at a cost of more computation).

It will be appreciated although much of the description
above has been done with reference to three photodiodes
that are sensitive to blue, green, and red bands of light, the
present invention is beneficial for more color bands (e.g.,
four), or fewer (two), and with other spectral combinations,
as may appropriate for a particular sensing equipment. It will
be further appreciated that although some of the circuits
described above have been described as being implemented
in voltage mode logic, current mode logic could be alterna-
tively used.

Multicolor image sensors that use the multicolor light
sensing pixel structures described herein can be included in
equipments such as robotic imagers and digital cameras.
Such equipment comprises a plurality of the multicolor light
sensing pixel structures described above, each pixel struc-
ture comprising in one embodiment a pixel memory for each
pixel, and such equipment also comprises a control and
processing circuit coupled to the plurality of multicolor light
sensing pixel structures for controlling timing of the
sequences of analog detector signals, reference values, and
the single digital pixel sensor circuit, and for generating an
image (or frame) file from the sets of digital outputs. In
many of these equipments, the image files are then be
transferred to another equipment.

In the foregoing specification, the invention and its ben-
efits and advantages have been described with reference to
specific embodiments. However, one of ordinary skill in the
art appreciates that various modifications and changes can
be made without departing from the scope of the present
invention as set forth in the claims below. Accordingly, the
specification and figures are to be regarded in an illustrative
rather than a restrictive sense, and all such modifications are
intended to be included within the scope of present inven-
tion. The benefits, advantages, solutions to problems, and
any element(s) that may cause any benefit, advantage, or
solution to occur or become more pronounced are not to be
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construed as a critical, required, or essential features or
elements of any or all the claims.

As used herein, the terms “comprises,” “comprising,” or
any other variation thereof, are intended to cover a non-
exclusive inclusion, such that a process, method, article, or
apparatus that comprises a list of elements does not include
only those elements but may include other elements not
expressly listed or inherent to such process, method, article,
or apparatus.

The terms “a” or “an”, as used herein, are defined as one
or more than one. The term “plurality”, as used herein, is
defined as two or more than two. The term “another”, as used
herein, is defined as at least a second or more. The terms
“including” and/or “having”, as used herein, are defined as
comprising. The term “coupled”, as used herein with refer-
ence to electro-optical technology, is defined as connected,
although not necessarily directly, and not necessarily
mechanically. The term “program™, as used herein, is
defined as a sequence of instructions designed for execution
on a computer system. A “program”, or “computer pro-
gram”, may include a subroutine, a function, a procedure, an
object method, an object implementation, an executable
application, an applet, a servlet, a source code, an object
code, a shared library/dynamic load library and/or other
sequence of instructions designed for execution on a com-
puter system.

2 <

What is claimed is:

1. A multicolor light sensing pixel structure comprising:

a photodiode structure comprising a first plurality of
co-located light band detectors that generate a first
plurality of analog detector signals from which an
amount of energy detected by each of the first plurality
of co-located light band detectors since the photodiode
structure has been reset by a reset command can be
determined;

a first multiplexing circuit coupled to the first plurality of
analog detector signals of the photodiode structure,
which sequentially generates each of the first plurality
of analog detector signals at a first multiplexed output
during each cycle comprising a second plurality of time
intervals that occur between two reset commands;

a second multiplexing circuit coupled to a first plurality of
reference signals, which sequentially generates at a
second multiplexed output each of the first plurality of
reference signals in synchronism with the first multi-
plexed output; and

a single digital pixel sensor circuit having inputs coupled
to the first and second multiplexed outputs, which
sequentially generates for each cycle a series of digital
outputs based on the first and second multiplexed
outputs.

2. The multicolor light sensing pixel structure according
to claim 1 further comprising a control and processing
circuit that generates a value of at least one of the first
plurality of reference signals as an additive combination of
at least one of an estimation of a current value of another one
of the first plurality of analog detector signals, a test value,
and a white balance adjustment value.

3. The multicolor light sensing pixel structure according
to claim 1, wherein the estimation of the current value of the
other of the first plurality of analog detector signals is a
value determined from the first plurality of analog detector
signals that occurred before the most recent reset command.

4. The multicolor light sensing pixel structure according
to claim 1, wherein the series of digital outputs quantifies a
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total amount of energy detected by each of the first plurality
of co-located light band detectors between two reset com-
mands.

5. The multicolor light sensing pixel structure according
to claim 1, wherein the single digital pixel sensor circuit
further comprises a comparator, and wherein the series of
digital outputs of the single digital pixel sensor circuit
comprises sets of binary values generated by the comparator
based on a comparison of the first multiplexed output to the
second multiplexed output, each set of binary values quan-
tifying a total amount of energy detected by one of the first
plurality of co-located light band detectors between two
reset commands.

6. The multicolor light sensing pixel structure according
to claim 1, wherein the photodiode structure has a multi-well
structure of light detectors, each of which detects multiple
light bands and generates the first plurality of analog detec-
tor signals.

7. The multicolor light sensing pixel structure according
to claim 1, wherein the series of digital outputs comprises
sets of digital output values, each set of digital values
quantifying the amount of energy detected by each of the
first plurality of co-located light band detectors between two
reset commands, and wherein the multicolor light sensing
pixel structure comprises a pixel memory for storing one set
of the digital output values generated by the single digital
pixel sensor circuit for each of the first plurality of co-
located light band detectors.

8. The multicolor light sensing pixel structure according
to claim 1,

wherein the single digital pixel sensor circuit further

comprises a comparator, and

wherein the series of digital outputs of the single digital

pixel sensor circuit comprises interleaved sets of binary
values generated by the comparator based on a com-
parison of the first multiplexed output to the second
multiplexed output, and

wherein each interleaved set of binary values is a

sequence of the binary values generated by the com-
parator during each cycle for one of the first plurality of
co-located light band detectors, and

wherein the multicolor light sensing pixel structure fur-

ther comprises a pixel memory for each of the first
plurality of co-located light band detectors, each pixel
memory storing a set of binary values that is de-
interleaved from one of the interleaved set of binary
values.

9. The multicolor light sensing pixel structure according
to claim 1,

wherein the series of digital outputs of the single digital

pixel sensor circuit comprises sets of digital values,
each set of digital values comprising two digital values
that quantify the amount of energy detected by each of
the first plurality of co-located light band detectors
between two reset commands, and

wherein the multicolor light sensing pixel structure fur-

ther comprises, for each of the first plurality of co-
located light band detectors, a pixel memory compris-
ing two digital value memories for storing the two
digital values generated by the single digital pixel
sensor circuit for each of the first plurality of co-located
light band detectors.

10. The multicolor light sensing pixel structure according
to claim 9, wherein the single digital pixel sensor circuit
further comprises:

a comparator; and

a third plurality of digital counters,
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wherein the series of digital outputs of the single digital

pixel sensor circuit comprises interleaved sets of binary
values generated by the comparator based on a com-
parison of the first multiplexed output to the second
multiplexed output, and

wherein each interleaved set of binary values is a

sequence of the binary values generated by the com-
parator during one cycle for one of the first plurality of
co-located light band detectors, and

wherein each of the third plurality of digital counters

generates a digital value that is a count of time intervals
between a reset command and a change of state of the
binary values in an interleaved set of binary values.

11. An image sensor, comprising:
an array of multicolor light sensing pixel structures, each

structure comprising

a photodiode structure comprising a first plurality of
co-located light band detectors that generate a first
plurality of analog detector signals from which an
amount of energy detected by each of the first
plurality of co-located light band detectors since the
photodiode structure has been reset by a reset com-
mand can be determined;

a first multiplexing circuit coupled to the first plurality
of analog detector signals of the photodiode struc-
ture, which sequentially generates each of the first
plurality of analog detector signals at a first multi-
plexed output during each of a second plurality of
time intervals that occur between two reset com-
mands;

a second multiplexing circuit coupled to a first plurality
of reference signals, which sequentially generates at
a second multiplexed output each of the first plurality
of reference signals in synchronism with the first
multiplexed output; and

a single digital pixel sensor circuit having inputs
coupled to the first and second multiplexed outputs,
which sequentially generates a sets of digital outputs
based on the first and second multiplexed outputs;
and

an array memory coupled to each of the single digital

pixel sensor circuits, wherein each of the sets of digital
output values quantifies the amount of energy detected
by one of the first plurality of co-located light band
detectors between two reset commands, and wherein
the array memory stores at least one digital output
value generated by the single digital pixel sensor circuit
for each of the light band detectors.

12. An image equipment, comprising:
an array of multicolor light sensing pixel structures, each

structure comprising

a photodiode structure comprising a first plurality of
co-located light band detectors that generate a first
plurality of analog detector signals from which an
amount of energy detected by each of the first
plurality of co-located light band detectors since the
photodiode structure has been reset by a reset com-
mand can be determined;

a first multiplexing circuit coupled to the first plurality
of analog detector signals of the photodiode struc-
ture, which sequentially generates each of the first
plurality of analog detector signals at a first multi-
plexed output during each of a second plurality of
time intervals that occur between two reset com-
mands;

a second multiplexing circuit coupled to a first plurality
of reference signals, which sequentially generates at
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a second multiplexed output each of the first plurality
of reference signals in synchronism with the first
multiplexed output; and
a single digital pixel sensor circuit having inputs
coupled to the first and second multiplexed outputs,
which sequentially generates sets of digital outputs
based on the first and second multiplexed outputs;
and
an array memory coupled to each of the single digital
pixel sensor circuits, wherein each set of digital output
values quantifies the amount of energy detected by one
of the plurality of co-located light band detectors
between two reset commands, and wherein the array
memory stores one set of digital output values gener-
ated by the digital pixel sensor circuit for each of the
light band detectors; and
a control and processing circuit coupled to the array of
multicolor light sensing pixel structures and to the array
memory for controlling timing of the first and second
multiplexers and the single digital pixel sensor circuits;
for controlling storage of the sets of digital outputs in
the array memory, and for generating an image file
from data in the array memory.
13. An image equipment comprising:
a plurality of multicolor light sensing pixel structures,
each comprising
a photodiode structure comprising a first plurality of
co-located light band detectors that generate a first
plurality of analog detector signals from which an
amount of energy detected by each of the first
plurality of co-located light band detectors since the
photodiode structure has been reset by a reset com-
mand can be determined;
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a first multiplexing circuit coupled to the first plurality
of analog detector signals of the photodiode struc-
ture, which sequentially generates each of the first
plurality of analog detector signals at a first multi-
plexed output during each of a second plurality of
time intervals that occur between two reset com-
mands;

a second multiplexing circuit coupled to a first plurality
of reference signals, which sequentially generates at
a second multiplexed output each of the first plurality
of reference signals in synchronism with the first
multiplexed output; and

a single digital pixel sensor circuit having inputs
coupled to the first and second multiplexed outputs,
which sequentially generates sets of digital outputs
based on the first and second multiplexed outputs,
each set quantitying the amount of energy detected
by each of the first plurality of co-located light band
detectors between two reset commands, wherein the
single digital pixel sensor circuit comprises a pixel
memory for storing one set of the digital output
values generated by the digital pixel sensor circuit
for each of the first plurality of co-located light band
detectors; and

a control and processing circuit coupled to the plurality of

multicolor light sensing pixel structures for controlling
timing of the sequences of analog detector signals,
reference values, and the single digital pixel sensor
circuit, and for generating an image file from the sets of
digital outputs.



